On the basis of extensive global data sets the total amounts of internal, potential, latent, and kinetic energy in the world oceans and atmosphere are estimated and compared for annual mean and seasonal conditions. Next, an expression for the available gravitational potential energy in the oceans is derived. The computed amounts of zonal mean and transient eddy available potential energy and the amount of kinetic energy present in the oceans are found to be much smaller (at least 1 order of magnitude) than those in the atmosphere. Because of the sparseness of directly measured subsurface values, the estimates of the kinetic energy and the transient eddy available potential energy were obtained by extrapolation from the corresponding values measured at the ocean surface. The fact that relatively large density variations are found only in the upper few hundred meters of the oceans and the greater stability of the oceans are the basic reasons for the generally small values of the potential and kinetic energy in the oceans compared with those in the atmosphere.
INTRODUCTION
Large amounts of energy are present in the atmosphere and oceans, but generally they do not appear to participate in the energy cycle of the Earth's fluid envelope. In fact, most of the energy seems to be stagnant, dead, and unavailable for conversion into kinetic energy. The issue of how to separate the available from the unavailable energy has been discussed extensively in the context of the atmosphere, notably by Mar-,qules [1903] for individual storms and by Lorenz [1955 Lorenz [ , 1978 in a generalized form for the global atmosphere. In fact, Lorenz' box diagrams for the energy cycle (see Figure 1) have become a standard means of characterizing the flow or circulation regime not only in the Earth's atmosphere but also in a great variety of other geofluid systems, such as the atmospheres of the other planets, rotating dishpan experiments, and the Gulf Stream system, to name only a few.
In the present paper we will emphasize the contributions of the oceans to the available energy in the climatic system and compare them to those of the atmosphere as determined in earlier work [0ort and Peix6to, 1973] . Because the mass of the oceans and their heat capacity are so large compared with those of the atmosphere, the total amount of potential plus internal energy is about a factor of 1000 larger in the oceans than in the atmosphere. Therefore one might expect the available potential and internal energy also to be much greater in the oceans than in the atmosphere. However, based on order of magnitude estimates the kinetic energy is very much smaller in the oceans than in the atmosphere. In a sense there is a contradiction here. In spite of the almost unlimited supply of total energy in the oceans, a minute fraction, only one part in a billion (109), shows up in the form of kinetic energy. Thus the question arises: Is the available potential plus internal energy in the oceans also proportionally smaller than that in the atmosphere, or is it much larger as we originally expected ? This is an important question to address, and while working toward an answer we may discover new clues as to the relative roles of the oceans and atmosphere in the climatic system.
In this paper we will not concentrate on the role of the oceans in storing and releasing heat. This crucial function of the oceans in moderating the Earth's climate is well established. Nor will we discuss here the role of the oceans in storing heat from one year to the next, although it is thought to be one of the primary "causes" of short-term climatic change. In summary, we will limit our discussion mainly to the long-term mean climate and to the relative roles the oceans and atmosphere play in it.
FORMULATION

Available Potential Enerqy in the Atmosphere
In the atmosphere the internal energy IE and potential energy PE are given by the following expressions IE = ff• pcvT dx dy dz (1) P E = f p g z cl.x cl y cl z f f p R T cl x cl y cl z (2) Where p is the density, c• is the specific heat at constant volume, R is the gas constant for dry air, T is the temperature (in degrees Kelvin), g is the acceleration due to gravity, and z is the height above sea level.
Following Lorenz [1955] , we will combine the internal and potential energy. Thus the total potential energy can be writ- F a = -1'•/100 m is the dry adiabatic lapse rate and P is the global mean lapse rate, and dm= pdx dy dz a mass element. Expression (5) has been widely used in studies of the general circulation of the atmosphere. The integrand is a measure of the variance of the temperature on an isobaric surface. As expected, when the variance in temperature and the horizontal temperature gradients are large, the available potential energy is also large. Further, when the mean static stability decreases, the available potential energy tends to increase.
Available Potential Energy in the Oceans
In the oceans the internal and potential energy can be given by expressions similar to (1) and (2). IE=;•.fpcoTdxd3, dz (6) PE -••; pgz dx dy dz
where all quantities refer here to the oceans, e.g., c o -4187 J kg-• øK-• is the specific heat at constant pressure for ocean water, and p is the in situ density. There is some question about what value one should use for z in calculating the potential energy from (7). In the case of the atmosphere it was natural to refer the potential energy to mean sea level. On the other hand, for the oceans the choice is not so obvious. Among some theoretical options for the reference level, such as the equipotential surface corresponding to the greatest ocean depth, we chose the equipotential surface of the mean ocean depth of -3740 m (see Table 1 ) as a reference level. Another complication is that in the case of the oceans we cannot combine the potential and internal energy into a form similar to (3). The reason for this is the complex equation of state relating density, temperature, salinity, and pressure in seawater. Nevertheless, we can give a formal expression for the available potential energy in a way similar to that given in (4) by defining a thermodynamic reference state in which the density surfaces are horizontal.
Some The available gravitational potential energy is thus given by ? = f f f pgz d.,, dy, az -f f f ax dy az (8)
After changing from the (x, y, z) to the (x, y, p) coordinate (z --z, dx dy dp or Zr 2 dx dy dp P = «g ••• (z --zr) 2 dx dy dp (8')
Substituting next the global mean height over a constantdensity surface 5-5(p) for the reference height zr, and using the observed fact that the horizontal gradients in density are much smaller than the vertical gradients, we can finally derive P = --«g (z --Z• 2 •ZZ dx dy dz
Since we are considering vertical displacements, we are using here the vertical gradient of the local potential density [-see Neumann and Pierson, 1966, p . 139] instead of the vertical gradient of the in situ density -dtS/dz as a measure of the stability in our calculations of the available potential energy.
As an alternative to (9), we can use the departures of the local density from the global mean density over a constantheight surface, fi = fi(z), and write P = _ 3g fff (p _ fi)2 dx dy dz (10) 6fi/az Similarly, as was done before for the atmosphere in terms of the variance of temperature over an isobaric surface, the integrand of the available gravitational potential energy can now be expressed in terms of the variance of height over an isosteric surface (equation (9)) or the variance of density over a constant-depth surhce (equation (10)) weighted by the mean stability factor (-gfi/dz). The actual calculations will be carried out using (10). In analogy to the atmospheric case, we can write for the available gravitational potential energy in the oceans using In the present paper we will not discuss the'energy generation, transformation and dissipation processes but will leave this for a future paper. We will only attempt to estimate the actual energy amounts contained in the four boxes and their relative magnitude in the atmosphere and oceans. 
Kinetic Enerqy in the
3.2.
Oceanic' Data The oceanic energy integrals are based mainly on an extensive global set containing about 500,000 historical hydrographic station data for temperature and salinity, about 785,000 mechanical bathythermograph soundings, and about 300,000 expendable bathythermograph soundings. All soundings were carefully checked and edited, and the mean temperature and salinity statistics were objectively analyzed onto a 1 ø latitude by 1 • longitude grid at 33 levels between the surface and 5500-m depth [Levitus, 1982] .
In order to evaluate the available gravitational potential energy in the oceans as given by (10), we needed first of all to obtain the density structure in the oceans. We computed the density with the Knudsen-Ekman equation of state as given by Fofonoff [1962] , following Levitus [1982] . These density fields were then used to evaluate the mean and stationary eddy components of the available potential energy, P•t and Ps• from (10). The actual procedure for calculating the mean static stability -g(•5}/dz in the expression for the available potential energy is given by Levitus [1982 [Stidd, 1975 , Meehl, 1980 . From the COADS we computed the temperature variance (r'2) and then estimated the density variance (p,2), neglecting effects due to changes in salinity as we will 
SOME ENERGY INTEGRALS FOR THE ATMOSPHERE AND OCEANS
In order to put our present estimates of the available energy components into perspective, we shall present here some estimates of the total energy in the atmosphere-ocean system and of the breakdown of the total energy into its different forms. The results for the atmosphere are shown in Table 2 and those for the oceans in Table 3 . The energy content is given both in the form of integrals and in the form of energy amounts per unit area.
For the atmosphere most of the energy is contained in the internal and potential energy as defined earlier by (1) and (2). As expected, the numerical estimates of IE and PE in Table 2 show the ratio IE/PE to be approximately equal to c•/R = 5/2. The latent heat LH amounts to only about 2% of the total energy. The kinetic energy given by (12) is shown in the fourth row of Table 2 . It is tiny, of the order of 0.05% of the total energy. The values in the two hemispheres are almost the same. in the last three columns the seasonal range in the energy components is shown through the January-July differences. The values for AIE, APE, and ALH are of the same magnitude, while the values for AK are more than one order of magnitude smaller. The predominance of the northern hemisphere is evident. These larger seasonal contrasts in the atmosphere of the northern hemisphere are, of course, related to the greater ½ontinentality in that hemisphere.
The energy amounts in the oceans are presented in Table 3 . The estimates constitute a first attempt to give an integrated view of the energetics of the oceans. It is important to stress the limitations of our scheme for computing the kinetic energy mainly regarding the extrapolation to subsurface levels, which will be further discussed later. In Table 3 the values of the internal energy given by (6) dominate by far, and those of the potential energy given by (7) are only of the order of 1% of the total energy. The tentative kinetic energy estimates (excluding high-frequency wave motions) are almost a factor of a billion (10 -9 ) smaller than the total energy. Because of the longer seasonal lag in the oceans, the March-September differences are presented in Table 3 as a more representative measure of the seasonal range. For a direct comparison with the atmosphere, the January-July differences are shown also (in parentheses). The seasonal range in oceanic energy is practically completely determined by the range in internal energy. Tables 2 and 3 
Comparisons of the oceanic and atmospheric values in
Computations of PM and Pse
Using the mean density data described in the previous sec- So far the reference state was defined using data for the entire world ocean. We have also made some computations for each ocean basin separately using the corresponding individual reference states. When expressed in energy per unit area, the resulting values of PM for the Atlantic and Indian Oceans are appreciably larger than the global mean values, whereas they are smaller for the Pacific Ocean. These differences are largely due to the inclusion of more high-latitude regions in the Atlantic and Indian Oceans, which show greater temperature contrasts with the tropical regions and thereby lead to increased contributions to PMThe values of Pse for the individual oceans using again their particular reference state in Table 5 give values of about half of the global estimates. This fact is associated with the sizeable differences in the zonal mean values of density, i.e., in the reference state, at the same latitude between the three oceans.
Estimates gf Pre
As was mentioned before, no estimates of the transient eddy available potential energy Pre have been made on a global basis because of the lack of adequate subsurface temperature and salinity data. However, an estimate can be made at the surface using the sea surface temperature observations from commercial ship reports if transient salinity effects on the density are neglected. This last assumption may not be correct, but it seems that we can use it to get some idea of the order of magnitude of Pre. In fact, using the linear approximation p = Po (1 -2T) with Po = 1029 kg m -3 and cz = 0.00025øC -' we obtain an approximate expression for Pre that is suitable for use with the available observed data: Using the analyzed values of (T '2) (where the angle brackets indicate an annual average and the prime a departure from the annual mean value) at the surface, we can now estimate the average surface contribution to PTE' The surface value for the globe turns out to be about 230 J m-3. Since no subsurface data are available for (T'2), the total value for the oceans cannot be computed directly. We approximated the vertical integral in PrE by using a 200-m-thick layer with a uniform value equal to the estimated surface value, where we assumed the contributions by the eddies to be significant. However, this choice is somewhat arbitrary. In this way we find in Table 4 for Our tentative annual mean estimates of Kre are a factor of 5 to 10 smaller than those for Pre. However, when we exclude the annual variation in the temperatures and currents, we find that the estimates of KrE and Pre are about equal, which is consistent with what one would expect for eddy scales of the order of the radius of deformation [Gill et al., 1974] .
COMPARISONS OF THE AVAILABLE POTENTIAL AND KINETIC ENERGY AMOUNTS IN THE ATMOSPHERE AND OCEANS
In order to get some insight regarding the differences in available gravitational potential energy for the atmosphere and oceans, we will compare the various factors that enter into expression (10) for P (see also Wells [1986, p. 263 Table 1 More detailed comparisons of the ocean-atmosphere energy amounts are possible using the actual oceanic values from Table 5 , and the atmospheric values presented in Table 6 based on earlier estimates from Oort and Peix6to [1983] . The resulting ratios are given in Table 7 
